Abstract. Eighteen volatile monoterpenes, which are among the major constituents of essential oils from plants, were screened for phytotoxicity to several crop and weed species. Several monoterpenes containing an oxygen function severely inhibited germination of four different annual weeds while concurrently displaying little effect on soybean germination. Soybeans varied in their sensitivity to various monoterpenes (measured by seedling growth), with a-terpineol and geraniol selectivity inhibiting weed seed germination while having little or no effect on soybeans. All of the monoterpenes tested exhibited relatively high germination and growth inhibition to corn and wheat. Nomenclature: Cinmethylin, exo-l-methyl-4-(I-methylethyl)-2-[(2-methylphenyl)methoxy]
INTRODUCTION
The practical use of natural compounds as biocontrol agents is receiving increased attention (6, 7), in part due to public fears concerning potential human toxicity from synthetic pesticides and their residues (21) . Although little has been published regarding development of new herbicide chemistry from the study of natural products, numerous reports have indicated that a wide chemical spectrum of phytotoxic natural compounds exists (6, 18) .
Volatile monoterpenes have been shown to be inhibitory to seed germination and seedling growth (1, 4, 16, 17, 19, 23) , JReceived for publication December 18, 1991 , and in revised form September 8, 1992. 2Plant Physiol. and Res. Chern., respectively, Bioactive Constituents Res., Nat. Ctr. for Agric. Utilization Res., 1815 N. University St., Peoria, IL 61604.
3Letters following this symbol are a WSSA-approved computer code from Composite List of Weeds, Revised 1989. Available from WSSA, 309 West Clark Street, Champaign, IL 61820.
4Aldrich Chern. Co., Milwaukee, WI. Mention of a trademark, proprietary product, or vendor does not constitute a guarantee of the product by the USDA and does not imply its approval to the exclusion of other products that may be suitable.
5Valley Seed Co., Fresno, CA.
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and they have been implicated in allelopathy (5, 8, 9, 10, 15, 18, 22) . These compounds are thought to be important allelopathic agents in hot, dry climates where they act in the vapor phase (15) . However, they also are present in numerous plant families such as members of the mint family (Lamiaceae), which are mainly found in cooler, wetter climates (22) . The herbicide cinmethylin is a monoterpene derivative, specifically a derivative of 1,4-cineole (6) . Cinrnethylin selectively controls annual grasses in many crops by inhibiting mitosis in meristematic tissue of shoots and roots (9, 14) . This modification of a monoterpene to produce a commercial herbicide lends credence to the further exploitation of other monoterpenes for the development of additional herbicides or plant growth regulators. Studying the relative phytotoxicities of monoterpenes should indicate which of these compounds could function as herbicidally active compoUI~ds through structural modification. Some alteration of the chemical structures of these compounds appears essential, because their high volatilities would likely preclude their direct use as herbicides.
The purpose of this research was to identify which monoterpenes, if any, exhibit low phytotoxicity to corn, soybeans, wheat, alfalfa, and cucumber, but high phytotoxicity to velvetleaf, redroot pigweed, large crabgrass, and annual ryegrass.
MATERIALS AND METHODS
Chemicals. All monoterpenes tested, except for 1A-cineole, were technical grade compounds obtained from a commercial source 4 and used without further purification. The 1A-cineole was prepared as follows: terpinen-4-01 (20 g), 95% ethanol (70 ml), and 35% H2S04 (70 ml) were stirred overnight at 27 C. Distilled water was then added (1 L) and the mixture extracted three times with ethyl ether. The 1A-cineole was purified from the concentrated ether extract by column chromatography over silica gel (70 to 230 mesh). The compound was analyzed as > 98% pure by gas chromatography (GC) and nuclear magnetic resonance spectroscopy. Biological material. Alfalfa, corn, cucumber, soybean, and wheat were obtained from local sources, and seeds of annual ryegrass, large crabgrass, pigweed, and velvetleaf were purchased from a commercial supplierS. These species were selected so that several major crops and common weeds (representing several plant families) could be analyzed for phytotoxicity. Bioassays. Because the majority of monoterpenes tested had negligible solubilities in solutions, they were tested as volatiles by exposing seeds of each of the test species to saturated headspaces. Corn, cucumber, soybean, velvetleaf, and wheat seeds were surface sterilized for 15 min with 0.5% NaOCl, then rinsed twice with distilled water. Ten seeds of each species were placed in 9-cm petri dishes on Whatman No. 1 filter paper containing 3.5 ml of distilled water. Petri dishes were placed in 9.2-L desiccator flasks containing one l5-cm piece of filter paper (Whatman No.1), either saturated with 1 ml of liquid or 1 g of solid monoterpenes. Each flask was fitted with a septum allowing the headspace to be sampled. No direct physical contact occurred between the compounds and the seeds. Flasks were placed in darkness at 25 C for 4 d, after which time germination was scored, and total seedling lengths were measured where appropriate. Headspace gas samples were taken each day and analyzed by gas chromatography (detailed below). Cinmethylin, which is several orders of magnitude less volatile than any of the monoterpenes, was tested in solution rather than as a volatile. A stock solution of technical grade cinmethylin, which has slight water solubility (63 mg L-I at 20 C (14), was prepared in 95% ethanol. Treatment solutions were prepared by adding an appropriate amount of cinmethylin stock to distilled water. The fmal ethanol concentration was 0.1 % which was present in the control and did not affect germination and root growth from seeds germinated in pure water. All treatments were replicated five times and the experiment was repeated twice. The pooled data were analyzed by analysis of variance. External standard GC analysis of headspace gases. Headspace gas samples (1 ml) were collected with a l-ml gastight syringe 6 and were analyzed by GC7 with flame ionization detection using a capillary column (15 m by 0.25 mm) coated with a 0.25-llm film (DB-1)8. Helium carrier gas flow through the column was 1 ml min-I and the sample was injected into a 100/1 inlet splitter (total flow 100 ml min-I). The injector and detector temperatures were 200 and 280 C, respectively. The oven was run isothermally, although the temperature was set at 50, 75, or 100 C depending on the compound being analyzed (the less volatile the compound, the higher the oven temperature). Integrated peak areas were converted to concentration terms by direct comparison with standard curves gener~ted for each compound prepared from responses to a range of known concentrations of that compound in hexane. To validate the use of liquid samples for calibration, a 500-lll sample of volatilized 1,8-cineole was taken from a saturated headspace into the gastight syringe that already contained 100 III hexane. After equilibrating for 5 min, the entire solution was injected into a sealed vial. A I-Ill sample of this solution was then analyzed by GC. Monoterpene analysis. Because it was impossible to quantitate monoterpene concentrations using internal standards, concentrations were determined by the external standard method. The system would ideally have been calibrated by a range of samples in the vapor phase of known concentrations, but in practice this is extremely difficult. Therefore, standard curves were generated by analysis of known concentrations of the compounds dissolved in hexane. In order to validate using liquid standards to represent vapor samples, a known headspace volume saturated with 1,8-cineole was dissolved in hexane. After adjustment for injection size (only 1/100 of the liquid sample was injected) the peak areas were within 25% (average of three injections each) of those taken from vapor samples. This experiment was not repeated for every monoterpene tested, and hence reflects errors inherent in headspace gas analysis, but does indicate that the GC system can be used to estimate the concentration of headspace gases. All monoterpenes tested were greater than 95% pure by Gc. Each compound exhibited a single large peak, except for citral, which contained two large peaks (the stereoisomers geranial and neral) that were combined. Column temperature was adjusted for each compound to provide a retention time of 8 to 12 min, permitting accurate quantitation.
RESULTS AND DISCUSSION
Inhibition of germination by monoterpenes. Only monoterpenes found in substantial quantities in readily available essential oils were included in this study, although 1A-cineole, which is a minor constituent of several essential oils, was tested due to its relationship to the herbicide cinmethylin (Table 1, Figure 1 ) (2, 3, 11). Saturated headspace concentrations of monoterpenes were calculated from vapor pressure data (11). All of the monoterpenes are liquid at 25 C, except for camphor, menthol, and ex-terpineol, which are solids. Germination inhibition among the terpenes varied greatly, as did the sensitivities of the various species (Table 2) . Generally, species with larger seeds (corn, soybeans, and cucumber) exhibited greater tolerance to the compounds than smaller seeded species (large crabgrass, redroot pigweed, and annual ryegrass). Small-seeded species have been previously shown to be especially sensitive to monoterpenes (5, 16, 17, 23) . Soybean germination was significantly inhibited by 1,8-cineole, fenchone, limonene oxide, linalool, and citral, and cucumber germination only by fenchone. Several of these (1,8-cineole, fenchone, and limonene oxide) completely inhibited corn germination, indicating that grasses are more sensitive to monoterpenes regardless of seed size. Many of the monoterpenes tested were equally or more inhibitory to germination of the majority of the species than cinmethylin. However, because cinmethlyin was applied in solution and not as a volatile, no inferences were drawn from these data. Although no single structural feature of the monoterpenes appeared to be a critical factor in inhibiting germination [1,8- cineole, fenchone, limonene oxide, and (-)-carvone], several of the most phytotoxic compounds contained an oxygen atom while several of the least toxic (ex-pinene, limonene, and exphellandrene) were hydrocarbons (which lack oxygen). The ketone fenchone was the most inhibitory compound to the greatest number of species, since it completely suppressed germination of seven of the nine species tested. Other oxygenated monoterpenes that strongly inhibited germination compounds (a-pinene, limonene, and a-phellandrene) and two of the least volatile compounds (citronellol and geraniol) were among the least phytotoxic. Inhibition of crop seedling growth. Ideally, a herbicide should completely inhibit gennination and growth of target species while having little or no effect on the crop. Soybeans were the least affected by the various monoterpenes, although 10 of the compounds severely stunted growth even though they had no significant effect on gennination (Table 3) . Unlike gennination, seed size appears to have little effect on monoterpene inhibition of seedling growth. This result is most evident with the relatively large-seeded cucumber, in which gennination was not greatly inhibited by any of the compounds while seedling growth was significantly depressed by all of the compounds. In contrast, many compounds inhibited gennination of the relatively smallseeded alfalfa, but when gennination did occur, seedling growth was generally greater than either cucumber or wheat. This finding suggests that the mechanism(s) of action of these compounds may differ between species, possibly affecting processes influencing gennination in certain species (such as alfalfa) and processes affecting growth in others (such as cucumber).
The specie(s) tested and type of bioassay conducted may influence results and prevent comparisons with other studies concerning the phytotoxicities of compounds. As is evident from our results, significant differences in response to monoterpenes may exist among species. Cucumber seeds are commonly used in bioassays, but our results indicate that inhibition of gennination alone is insufficient to describe potential toxicity, since cucumber gennination was inhibited 118 by only two of the compounds while growth was inhibited by every compound tested. The manner in which compounds are applied also can have a tremendous effect on their inhibitory action. Several of the most volatile compounds are insoluble in water while several of the least volatile compounds have some amount of solubility. Studies in which monoterpenes have been allowed to volatilize into the headspace surrounding seeds have reported similar results to those of our study; i.e., oxygenated monoterpenes are generally more phytotoxic than hydrocarbon monoterpenes (4, 17) . When compounds were assayed in solutions, geraniol was over two orders of magnitude more phytotoxic to lettuce seed gennination than was 1,8-cineole (which was one of the more phytotoxic compounds), while limonene, the least phytotoxic monoterpene tested in our study, was over one order of magnitude more phytotoxic than 1,8-cineole (19) .
In selecting specific monoterpenes as parent structures for chemical modification to fonn potential herbicides, several conditions must be met. First, the parent monoterpene must possess reactive sites that allow for the addition of substituents. For example, although 1A-cineole is structurally similar to cinmethylin, it lacks easily accessible reactive sites to which chemical substituent groups could be attached. Second, activity and selectivity of the compound must not be lost after chemical modification. Third, modification must allow for easy field application and prevent losses due to volatilization and/or leaching before absorption by the target species can occur. Finally, because of concerns over pesticide toxicity and residue problems, modification must allow for fairly rapid degradation to nontoxic metabolites. Toxaphene, which is produced by chlorinating the monoterpene cam-phene, has been tried as a postemergence herbicide for sicklepod control (20) , but high toxicity (LD50 rat = 80 mg kg-I) and listing of toxaphene as a carcinogen by the EPA has prevented the compound from being used commercially (6) .
From our data, it appears that several of the monoterpenes tested could be chemically modified to produce potential herbicides for use in soybeans. Although these compounds were generally phytotoxic to com, wheat, and alfalfa, the selectivities and activities of the compounds could change upon structural modification. Cinmethylin has been successfully used in a wide range of crops, including soybeans, which exhibit excellent tolerance to this herbicide (l4). However, the tolerance of several crops (including alfalfa, com, cucumbers, and wheat) to cinmethylin depends upon seed depth and time of emergence. Some small-seeded crops such as carrots, onions, and sugarbeets are not tolerant to cinmethylin. The exact mechanism of action of cinmethylin is unknown, although it does inhibit mitosis (9) and thereby meristematic growth. Monoterpenes appear to have a similar mode of action, causing a reduction in mitotic activity, chromosome abnormalities, and formation of lipid globules in treated root tips 02, 13).
We feel that the best candidates for chemical modification for the production of potential soybean herbicides are citronellol, citral, fenchone, pulegone, and (+)-carvone. Both citronellol and citral exhibited relatively low phytotoxicity to soybeans while completely inhibiting germination of velvetleaf, large crabgrass, redroot pigweed, and annual ryegrass. Both of these compounds are linear, contain at least one carbon-carbon double bond and have terminal functional groups, the latter two features furnishing reactive sites where chemical moieties could be attached. Although fenchone, pulegone, and (+)-carvone are more phytotoxic to soybean germination and/or growth than the previous two compounds, they are very phytotoxic to the weed species tested. All three of these compounds are ketones, and additionally, (+)-carvone and pulegone contain carbon-carbon double bonds. As with citral and citronellol, these structures offer potential sites for attaching functional groups. Further research on chemically modifying these compounds will be conducted to determine if herbicidally active compounds with the desired properties can be developed.
